The distribution of electrical self-stimulation (ESS) foci within the ventral pallidum (VP) was mapped using moveable electrodes in rats• The function relating ES S bar-pressing rate to the frequency of cathodal rectangular pulses (0.4 mA and 0.1 ms) was obtained for several positions of a moveable electrode in the VP and in the various adjacent to VP nuclei. The rate-frequency functions were fitted to a sigmoid model to obtain the asymptotic rate and threshold frequency• ESS was found in almost all (98%) VP sites tested and to a lesser degree (66%) in the surrounding areas (namely globus pailidus and caudate). Depending on the VP site, maximum rates varied from 14 to 85 bar presses/min, whereas threshold frequencies varied from 10.2 to 36.4 pulses/train; no correlation between these two aspects of ES S was found. Extra-pallidai areas contained less low-frequency threshold sites compared to VP. The lowest threshold found in the VP was slightly higher than that usually obtained for the most rewarding brain areas (VTA, dorsal raph6, LH, amygdala), which suggests that the VP represents an important structure for reward. Furthermore the threshold frequencies were found to decline along the rostrocaudal axis of the VP which supports the view that the VP is heterogeneous in regard to reward related functions.
Introduction
The neural substrates mediating motivation and reward have been the focus of intense investigation. An impressive number of studies using a variety of methodological approaches, have established that the mesolimbic dopamine (DA) pathway is critically involved in reward function (for reviews, see [4] and [29] ). Three distinct behaviors that have been used to assess reward processes are intracranial self-stimulation [ 3, 5, 7, 21 ] , drug self-administration [23, 24, 30, 32] and drug-induced place conditioning (for a review, see [27] ). These behaviors have been shown to be altered following dopamine manipulations. An interest is now emerging as to what brain nuclei connected directly or indirectly with the dopamine mesolimbic pathway are playing a role in reward.
Along this line of research, the ventral pallidum is now attracting much of the researcher's attention. This struc-ture, which represents the rostroventral continuation of the globus pallidus, extends beneath the anterior commissure and into the olfactory tubercle [8] . It appears to have reciprocal connections with the ventral tegmentum and the nucleus accumbens (NAC) [6, 15] . In addition fibers from the ventral paUidum also reach a number of brain areas which have been suggested to play a role in reward, such as the prefrontal cortex, the lateral septum, the amygdala and the lateral hypothalamus [6] . Furthermore, recent anatomical findings point to a compartmentalization of the ventral pallidum. Its dorsolateral part receives projections from the core of the nucleus accumbens and sends fibers to the substantia nigra, while the ventromedial portion receives efferents from the shell of the nucleus accumbens and projects to the ventral tegmentum [9, 31 ] . Thus, from an anatomical point of view, studies examining the role of the ventral pallidum in reward are well justified.
Recent behavioral findings seem also very promising. They provide evidence that the ventral pallidum shares with the nucleus accumbens and the ventral tegmentum functional roles, specifically in reward regulation. It has been shown that excitotoxic lesions of the ventral pallidum attenuate drug self-administration [ 11 ] and drug-induced place preference [ 10] . Furthermore, the results of other studies point to a functional heterogeneity within the ventral pallidum, which may parallel the anatomical compartmentalization mentioned above. For instance, McAlonan et al. [17] , have used the conditioned place preference paradigm and postulated that the rostral rather than the caudal part of the ventral pallidum is more heavily involved in reward. Also, Johnson, Stellar and Paul [12] , have shown that microinjection ofmu-opiate receptor agonist into the caudal or rostral pallidum differentially modulates lateral hypothalamic self-stimulation. These results taken together make the study of the role of the ventral pallidum in reward very challenging.
The present study attempts to examine in detail the role of the different ventral pallidal regions in reward. To this end, we have chosen to use the intracranial self-stimulation paradigm as it bears high-reward value and it offers the unique opportunity to directly stimulate the reward systems (for a review, see [16] ).
Materials and methods

Subjects and surgery
Ten male Sprague-Dawley rats weighing 300-350 g at the time of surgery, were used. The subjects were housed three per cage under a 12/12 h light/dark cycle with free access to food and water. Animals were anaesthetized with ketamine hydrochloride (100 mg/kg, i.m.) and xylazinc (10 mg/kg, i.m.) prior to stereotaxic surgery. Atropine sulphate (0.6 mg/kg, i.m.) was injected to reduce bronchial secretions. A moveable monopolar stimulating electrode (Model SME-01, Kinetrods, Ottawa, Ont.) was inserted in or just above the ventral pallidum. Various rostrocaudal (from 0.48 to -0.80 mm) and mediolateral (from 1.9 to 3.1 mm) coordinates were selected to provide a representative sampling of this area. The electrodes (made of stainless steel wire, 0.25 mm in diameter) were insulated with epoxylite except for the conically shaped tip. The current return consisted of a flexible stainless steel wire that was wrapped around five stainless steel skull screws and soldered to an Amphenol miniature plug. The electrode assembly was chronically fixed to the skull with dental cement.
Apparatus and procedures
The animals were tested for self-stimulation in an operant chamber (that was made of clear Plexiglas) after at least 1 week of postoperative recovery. Each press on a lever triggered a computer-interfaced constant-current generator which delivered a 0.4-s train of rectangular cathodal pulses of fixed duration (0.1 ms) and intensity (0.4 mA) and of variable frequency.
If the implantation site failed to support self-stimulation, the electrode was lowered by steps of 0.16 or 0.32 mm (one step every 24 h), until a self-stimulation site was found. The animals were then trained to self-stimulate for 3 consecutive days (1 h daily), using stimulation parameters which maintained near maximal bar-pressing rates. The animals were subsequently trained to self-stimulate using four alternating series of ascending and descending pulse frequencies. The pulse frequency was varied by steps of approximately 0.1 log units. Each frequency was tested within trials of 60 s in duration followed by an extinction period of 30 s. Immediately before each trial, the animals received three trains of priming stimulation, using the frequency available during the trial itself. Training was repeated daily until the function relating bar-pressing rate to the pulse frequency (the rate-frequency function) was stable for at least 3 consecutive days. The rate-frequency function was collected as above for several deeper electrode locations.
Histology
At the end of the experiment, the animals were given a lethal dose of sodium pentothal. The location of the terminal stimulation site was then marked according to the following procedure: a direct anodal current of 0.1 mA and 15 s duration was passed through the electrode tip. The animals were perfused intracardially with saline (0.9~o), which was followed by a 50 cm 3 solution of potassium ferrocyanide (3~o), potassium ferricyanide (3~o) and trichloroacetic acid (0.5~o) in 10~o formalin. The brains were then removed and stored in 10~/o formalin for 3 days and in a 30~o sucrose solution for 2 days. Finally, the brains were sliced in a cryostat microtome and the sections containing the electrode tract were mounted on slides and stained with Cresyl violet. The successive dorsoventral positions of the electrode were inferred from the terminal-marked site and drawn on a calibrated representation of the brain.
Statistical treatment
Each rate-frequency function representing a brain site was fitted to the following variant of the Gompertz sigmoid model [2] :
In this equation, a represents the maximum rate (asymptote), whereas Xi (X at inflection) represents the threshold frequency. The latter is the pulse number producing 36.7 ~o of the asymptotic rate, that is the rate lying on the fastestaccelerating region of the curve. Parameter b represents an index of the slope, whereas e is the base of natural logarithms. The estimated threshold and asymptotic values were computed together with their respective confidence intervals and the usual regression statistics. The reciprocal of the threshold frequency was used to plot the reinforcing efficacy of the stimulation (for a rationale, see [ 18] ).
Results
The number of electrode brain locations that were tested with a given electrode varied from 8 to 18. One hundred four out of 131 brain sites tested (79~o) were found to support self-stimulation. The positive sites were located in the ventral pallidum (VP) or surrounding areas such as, the globus pallidus (GP), the nucleus horizontal limb diagonal band (HDB), the magnocellular preoptic nucleus (MCPO), the anterior amygdaloid area (AA), the caudate putamen (CPu), the substantia innominata (SI) and the olfactory tubercle (Tu). Self-stimulation was supported by 98~o of VP sites and by 66~o of extra VP areas. In most rostral sites (0.48; -0.20; -0.26 mm from bregma) selfstimulation was accompanied by epileptiform reactions, their intensity declining in a rostrocaudal and ventrodorsal direction. Self-stimulation of the GP and the CPu was accompanied by motor reactions.
The threshold frequency and asymptotic rate estimates for all self-stimulation sites are presented in Fig. 1A and 1B, respectively. The threshold frequency for the VP sites confined within the range of 16-25 pulses/train. Depending on the site, the asymptotic rate varied in the VP from 14.8 to 84.5 presses/min, and outside the VP, from 10 to 75.8 presses/min. Thus, the results revealed somewhat lower threshold frequencies and higher asymptotic rate for the VP sites as compared to extra-VP sites. This phenomenon is illustrated in Fig. 1D , which shows the ratefrequency functions for subject R33. The functions numbered 5-12, corresponding to VP sites, exhibited lower threshold and higher asymptotic rates than the functions 1-4 corresponding to sites located in the proximal GP (see also Fig. 2 ). Miliaressis and Rompr6 [ 19] found that the activation (through a second electrode) of motor brain areas during self-stimulation decreased the asymptotic rate without changing the threshold frequency. This finding and the fact (see Fig. 1C ) that no correlation between asymptotic rates and threshold frequencies was found in the present (r= 0.071, t= 0.51, P>0.05) and other mapping studies [14, 28] suggest that an interference of performance rate with the stimulation's reward value is unlikely.
The location of the sites tested and their associated stimulation efficacy (threshold frequency-l) are shown in Figs. 2, 4 and 5 according to the following format: each subject is identified at the upper left portion of an anatomical plate, borrowed from Paxinos and Watson's stereotaxic atlas [22] . The number in the upper right portion of the anatomical plate designates the millimetric distance from bregma. The successive dorsoventral positions of the moveable electrode are represented by circles. Positive and negative sites are identified by filled and open circles, respectively. The graph next to each plate shows the reinforcing stimulation efficacy (Xi-1, X-axis), as a function of the electrode position shown on the anatomical plate. By convention, a value of zero for stimulation efficacy means that self-stimulation could not be obtained. Fig. 2 presents the anatomical findings and associated efficacy graphs for five implants, according to a rostrocaudal direction. The electrode track of subject R32 was located 0.20 mm from bregma and 2 mm from the midline. Eight brain sites from the CPu to the VP were tested. All VP sites supported self-stimulation, whereas the three CPu sites failed to do so. The stimulation efficacy reached its maximum at the first VP site and declined very little in subsequent sites.
The electrode track of subject R35 was found -0.26 mm from bregma and 2.45 mm from the midline. All VP sites supported self-stimulation. Positive sites were also found in the CPu, the anterior commissure (ac), the HDB and the Tu. Following a peak in the anterior commissure, the stimulation efficacy remained relatively stable throughout the positive region.
The electrode track of subject R26 was found -0.30 mm from bregma and 2.6 from the midline. Fifteen sites, from the CPu to the VP were tested. The first six sites, located in the CPu and the GP, did not support self-stimulation. All VP sites but one supported selfstimulation with a remarkably stable threshold frequency.
The electrode track of subject R33 was located -0.4 mm from bregma and 2.3 mm from the midline. All twelve sites in the GP and the VP supported selfstimulation. Note that the stimulation efficacy increased as the electrode moved from the GP to the VP: for the GP, the estimates of asymptotic rate and threshold frequency varied from 30.1 to 47.4 presses/min and from 16.7 to 19.3 pulses/train, whereas for the VP they varied from 53.9 to 84.5 presses/min and from 13.9 to 15.9 pulses/train. Subject R27 represents the most caudal implant, with coordinates -0.8 mm from bregma and 3.1 mm from the midline. Sites 1-6, located in the GP, did not support self-stimulation, whereas sites 7-17, located in or below the VP, were positive for self-stimulation. The stimulation efficacy increased as the electrode moved from the dorsal VP to a region slightly below this structure.
The results of the five implants depicted in Fig. 2 and those of three others shown in Fig. 4 indicate that the VP supports self-stimulation, regardless of the rostrocaudal and dorsoventral location. The sites tested in areas proximal to the VP (i.e., GP, CPu) failed to exhibit such a consistent self-stimulation pattern. Finally a greater number of caudal (-0.30; -0.40; -0.80 mm from bregma), rather than rostral sites (0.20; -0.26 mm from bregma) exhibited low-frequency thresholds and high asymptotic rate (see Fig. 3A,B) . Fig. 4 presents the anatomical findings and associated efficacy graphs for four implants, according to a mediolateral direction. The electrode track of subject R17 was found -0.26 mm from bregma and 2.7 mm from the midline. All VP sites and two sites in or near the anterior commissure supported self-stimulation. The stimulation efficacy increased as the electrode moved closer to the lower boundary of the ventral pallidum. The electrode track of subject R25 was located -0.30 mm from bregma and 2.2 mm from the midline. Fourteen out of 16 sites, located in the VP, the GP, the ac and the HDB supported self-stimulation. As noted for subject R17, the stimulation efficacy increased ventrally and reached a maximum near the lower boundary of the ventral pallidum. The data for subject R26 were described previously. Subject R34 represents the most medial implant (2 mm from the midline). All 14 sites (six in the VP) supported self-stimulation. The stimulation efficacy increased dramatically as the electrode moved closer to the VP and reached a maximum near the upper medial boundary of this structure. The efficacy declined thereafter and reached a stable low value in the five most ventral sites.
The results of Figs. 2 and 4 show that the ventral pallidum supports self-stimulation behavior regardless of the electrode location along the lateral axis. It is worth noting that the highest stimulation efficacy, among all sites tested in this study, was obtained from the most medial implant (see site 6, subject R34).
Finally, the anatomical findings and associated efficacy graphs for the three most rostral implants are presented in Fig. 5 . They allow direct comparison of the stimulation efficacy obtained from sites in the VP and the CPu. All VP and most CPu sites supported self-stimulation. Note, however, that the stimulation efficacy was appreciably higher in the VP sites.
Discussion
The goal of this study was to map the distribution of self-stimulation sites within the ventral pallidum. We used moveable electrodes for better anatomical resolution and the curve shift procedure to quantify the rewarding efficacy of the stimulation [ 18, 20] .
The present finding showing that 98 ~o of VP sites supported self-stimulation represents the first direct evidence for a role of this structure in reward functions. A comparable high rate of positive sites was not obtained from adjacent brain areas, namely the globus pallidus and the caudate. Furthermore, the ventral pallidum contained more low-frequency threshold sites compared to extrapallidal surrounding areas.
The lowest estimates of threshold frequency for the VP were only slightly higher than those obtained by the same method for the most rewarding brain areas, that is, the dorsal raph6 and ventral tegmental area [26] and the lateral hypothalamus and amygdala [13, 14] . This is not surprising as the ventral pallidum has direct anatomical connections with some of these areas [6, 15 ] . Summation and lesion studies have been planned to investigate the possibility that reward from VP stimulation may be secondary to the activation of the ventral tegmental area and/or the lateral hypothaiamus.
Closer examination of the positive VP sites along the three axes has led to the following findings: no systematic differences in threshold frequency were detected between sites distributed along the dorsoventrai or lateral lines. However, a difference was noticed between sites distributed along the rostrocaudal axis. Lower threshold frequencies were obtained in caudal rather than in rostral implants. The presence of lower thresholds may be attributed to a higher density of reward neurons, to more excitable neurons or to neurons with more arborization [ 18] . In any case, it denotes that the stimulation is more rewarding when applied to the caudal than the rostral VP. This finding supports the idea that the VP is not homogeneous in regard to the reward functions [ 12] . For example, Robtedo and Koob [25] found that two discrete VP-NAC projection areas differentially mediate cocaine self-administration in the rat. Furthermore, as mentioned in the introduction, Johnson et al. [12] reported that DAMGO increased or decreased lateral hypothalamic self-stimulation when injected into the caudal or rostral VP, respectively. Based on this finding, they have suggested the presence of heterogeneity in VP reward functions. Regional differences in reward modulation within the VP were also demonstrated by McAlonan et al. [17] using the place conditioning method. In this study, however, reward functions were attributed to the rostral part of the VP. Finally, it should be mentioned that the lowest threshold frequency was found at the very medial region of the VP, known for its afferents from the shell of the NAC and its exclusive projections to the VTA [9, 31] . It is therefore reasonable to postulate that this region is part of a complete feedback loop involved in reward functions. Biochemical evidence for the existence of this loop is offered by our recent study which shows that morphine applied by intrapallidal microdialysis influences dopamine turnover in the NAC [ 1 ] .
In summary, almost all sites in the ventral pallidum supported self-stimulation with relatively low pulse frequencies. This finding along with other supporting elements is consistent with the view that this structure represents a relay station within the mesotimbic reward pathway.
